The petrophysical properties of ultra-low permeability sandstone reservoirs near the injection wells change significantly after CO 2 injection for enhanced oil recovery (EOR) and CO 2 storage, and different CO 2 displacement methods have different effects on these changes. In order to provide the basis for selecting a reasonable displacement method to reduce the damage to these high water cut reservoirs near the injection wells during CO 2 injection, CO 2 -formation water alternate (CO 2 -WAG) flooding and CO 2 flooding experiments were carried out on the fully saturated formation water cores of reservoirs with similar physical properties at in-situ reservoir conditions (78 • C, 18 MPa), the similarities and differences of the changes in physical properties of the cores before and after flooding were compared and analyzed. The measurement results of the permeability, porosity, nuclear magnetic resonance (NMR) transversal relaxation time (T 2 ) spectrum and scanning electron microscopy (SEM) of the cores show that the decrease of core permeability after CO 2 flooding is smaller than that after CO 2 -WAG flooding, with almost unchanged porosity in both cores. The proportion of large pores decreases while the proportion of medium pores increases, the proportion of small pores remains almost unchanged, the distribution of pore size of the cores concentrates in the middle. The changes in range and amplitude of the pore size distribution in the core after CO 2 flooding are less than those after CO 2 -WAG flooding. After flooding experiments, clay mineral, clastic fines and salt crystals adhere to some large pores or accumulate at throats, blocking the pores. The changes in core physical properties are the results of mineral dissolution and fines migration, and the differences in these changes under the two displacement methods are caused by the differences in three aspects: the degree of CO 2 -brine-rock interaction, the radius range of pores where fine migration occurs, the power of fine migration.
Introduction
Ultra-low permeability sandstone reservoirs have poor physical properties and high-water saturation, which makes them difficult to develop. Due to the significant oil displacement characteristics of CO 2 , the injection of CO 2 into oil reservoirs for storage not only significantly
The main objectives of this study are to investigate the changes in physical properties of the cores with high water saturation from Huang 3 ultra-low permeability sandstone reservoirs (Chang Qing Oilfield, Shaanxi Province, China) after CO 2 flooding and CO 2 -WAG flooding and assess the difference in damage to the reservoir between the two displacement methods, providing data support for numerical simulation and screening of displacement methods. First of all, a core sample was cut into three pieces, then the three short cores were analyzed by SEM, XRD, NMR, gas porosity and permeability tests before the experiments to verify the similarity of the initial physical properties. Afterwards, brine (control group), CO 2 and CO 2 -WAG flooding experiments were separately conducted on the three cores saturated by brine under simulated formation conditions (78 • C, 18 MPa). Then the changes in permeability, porosity, pore microstructure and pore size distribution of each core before and after flooding were compared, and the difference in these changes of the three cores were analyzed. Finally, the mechanism of the above physical property changes and the reasons for the differences under different displacement methods are clarified.
Experimental Section

Experimental Materials
The rock sample, named HU-24, used in this experiment is provided by the Research Institute of Petroleum Exploration & Development (RIPED, Beijing, China) and is taken from the Huang 3 formation of the Chang Qing Oilfield in the Ordos Basin in western China. The Chang Qing Oilfield is a typical ultra-permeability and low-producing oilfield, the target oil reservoir Huang 3 in this study is one of the main production layers, CO 2 injection is planned to be implemented for EOR in the next stage of production after brine injection. The Huang 3 reservoir has a good continuous distribution, the pores are mostly primary intergranular, and the particles are well sorted, the basic parameters of the reservoir are provided by the RIPED (Table 1) . The main minerals contained in the rocks of the reservoir are quartz, feldspar, rock debris and pore filler, classified as clasolite. In order not to interfere with the experimental results, the cores used in the experiment are taken from the area without CO 2 -EOR operation to ensure that no CO 2 -brine-rock interactions have occurred in the rock. The cores were cleaned by toluene and methanol (removing inorganic salts and hydrocarbons) and dried for 24 h under the temperature of 30 • C in an oven. High-purity CO 2 (99.99%) was used in this study. The brine used in the core-flooding experiments was prepared based on formation water data provided by the RIPED (Table 2) . 
Core Segmentation and Analysis
In order to obtain three cores with the same physical properties for the three groups of flooding experiments, the homogeneous core sample HU24 without bedding was cut equally into three sections (Figure 1 ), numbered HU24-1, HU24-2 and HU24-3. Due to the destructive detection (SEM, XRD) on the three cores, a slice of 2 mm in thickness was cut from each core as sample to be measured, respectively numbered A, B, C. After that, some measurements were taken to confirm that the three cores had the same physical properties, at the same time, obtaining the parameters of the cores before the flooding experiments to compare with that after the flooding. 
Core segmentation and Analysis
In order to obtain three cores with the same physical properties for the three groups of flooding experiments, the homogeneous core sample HU24 without bedding was cut equally into three sections (Figure 1 ), numbered HU24-1, HU24-2 and HU24-3. Due to the destructive detection (SEM, XRD) on the three cores, a slice of 2 mm in thickness was cut from each core as sample to be measured, respectively numbered A, B, C. After that, some measurements were taken to confirm that the three cores had the same physical properties, at the same time, obtaining the parameters of the cores before the flooding experiments to compare with that after the flooding. The core plugs HU24-1, HU24-2 and HU24-3 were cleaned again to remove the movable particles produced during the segmentation process and dried by the previous operation. Then the porosity and permeability of the core plugs were measured by the high-pressure helium permeameterporosimeter (TEMCO, lnc., Tulsa, OK, USA), this measurement was repeated three times to obtain accurate results on each core plug (Table 3) . The measurement results show that the permeability and porosity of the three cores are close to that of the original core. Among them, the permeability of cores HU24-2 and HU24-3 have more similar permeability and porosity.
The pore size distribution of the core was measured by Nuclear Magnetic Resonance High Temperature and Pressure Seepage Analysis Analyzer (Mini-MR, Niumag, Suzhou, China) in this The core plugs HU24-1, HU24-2 and HU24-3 were cleaned again to remove the movable particles produced during the segmentation process and dried by the previous operation. Then the porosity and permeability of the core plugs were measured by the high-pressure helium permeameter-porosimeter (TEMCO, lnc., Tulsa, OK, USA), this measurement was repeated three times to obtain accurate results on each core plug (Table 3) . The measurement results show that the permeability and porosity of the three cores are close to that of the original core. Among them, the permeability of cores HU24-2 and HU24-3 have more similar permeability and porosity. The pore size distribution of the core was measured by Nuclear Magnetic Resonance High Temperature and Pressure Seepage Analysis Analyzer (Mini-MR, Niumag, Suzhou, China) in this paper, the magnetic intensity, gradient value control precision and frequency range of the NMR apparatus are 0.5 T, 0.025 T/m, 0.01 MHz and 1-30 MHz, respectively. Before the measurement, the cores were completely saturated with brine under vacuum for 48 h and were compared with the weight of dry core to calculate the volume of the brine entering the core pores. This spin-echo method records the pore size distribution, similar to mercury porosimetry, using the transverse magnetic relaxation time.
During the MNR tests, the T 2 and magnetization of the hydrogen nuclei of the fluid in all core pores are recorded to obtain the T 2 spectrum (Figure 2 ). Since the amplitude of transverse magnetization is proportional to the number of hydrogen nuclei and the value of T 2 is determined by the size of the pore space in which the hydrogen nuclei are located, different pore sizes in fluid saturated rocks will produce characteristic T 2 distributions. In the T 2 spectrum, there is a one-to-one match between the T 2 value and the pore size, the larger the T 2 , the larger the pore radius corresponding to it, and there is a coefficient that allows these two values to be easily converted to each other. The amplitude of the magnetization signal represents the proportion of the pore distribution, and the larger the signal amplitude, the higher the proportion of the pore distribution. Therefore, the changes in T 2 distribution represent the changes in pore size distribution of the core. Since the signal measured in MNR measurement is the T 2 of the hydrogen nuclei contained in the water in the pores, if some of the pores are not saturated with brine, then their characteristics in the T 2 spectrum will be missed. In order to compare the changes in pore size distribution through T 2 spectrum, the premise is that the brine saturation of the cores must be the same and the cores are saturated enough [29] . According to Equations (1) and (2), the T 2 is converted into pore radius value [30] . In Formula 2, a and b are the empirical parameters, and the value of C is calculated according to the values of a and b provided by Fang:
where T 2 , ms; r pore radius, µm; C conversion coefficient, 27.52 ms/µm in this paper paper, the magnetic intensity, gradient value control precision and frequency range of the NMR apparatus are 0.5 T, 0.025 T/m, 0.01 MHz and 1-30 MHz, respectively. Before the measurement, the cores were completely saturated with brine under vacuum for 48 h and were compared with the weight of dry core to calculate the volume of the brine entering the core pores. This spin-echo method records the pore size distribution, similar to mercury porosimetry, using the transverse magnetic relaxation time.
During the MNR tests, the T2 and magnetization of the hydrogen nuclei of the fluid in all core pores are recorded to obtain the T2 spectrum (Figure 2 ). Since the amplitude of transverse magnetization is proportional to the number of hydrogen nuclei and the value of T2 is determined by the size of the pore space in which the hydrogen nuclei are located, different pore sizes in fluid saturated rocks will produce characteristic T2 distributions. In the T2 spectrum, there is a one-to-one match between the T2 value and the pore size, the larger the T2, the larger the pore radius corresponding to it, and there is a coefficient that allows these two values to be easily converted to each other. The amplitude of the magnetization signal represents the proportion of the pore distribution, and the larger the signal amplitude, the higher the proportion of the pore distribution. Therefore, the changes in T2 distribution represent the changes in pore size distribution of the core. Since the signal measured in MNR measurement is the T2 of the hydrogen nuclei contained in the water in the pores, if some of the pores are not saturated with brine, then their characteristics in the T2 spectrum will be missed. In order to compare the changes in pore size distribution through T2 spectrum, the premise is that the brine saturation of the cores must be the same and the cores are saturated enough [29] . According to Equations (1) and (2), the T2 is converted into pore radius value [30] . In Formula 2, a and b are the empirical parameters, and the value of C is calculated according to the values of a and b provided by Fang:
where T2, ms; r pore radius, μm; C conversion coefficient, 27.52 ms/μm in this paper Before the flooding experiments, the T2 spectrum of the three cores have the same shape and a high coincidence degree, demonstrating that the pore size distributions of the three cores are relatively close.
Broken pieces with fresh surface taken from the samples (A, B, C) were observed by the Field Emission Scanning Electron Microscope (Model: SU8010, Maximum resolution: 1.0 nm, 15 KV, Hitachi, Tokyo, Japan). The samples were vacuum-plated with carbon before the observation for the Before the flooding experiments, the T 2 spectrum of the three cores have the same shape and a high coincidence degree, demonstrating that the pore size distributions of the three cores are relatively close.
Broken pieces with fresh surface taken from the samples (A, B, C) were observed by the Field Emission Scanning Electron Microscope (Model: SU8010, Maximum resolution: 1.0 nm, 15 KV, Hitachi, Tokyo, Japan). The samples were vacuum-plated with carbon before the observation for the clearer pictures. The microstructure of some pores in the cores before the flooding experiments was observed. (Table 4) show that the average mineral contents of these three samples are very close, demonstrating that all kinds of minerals are evenly distributed in the core HU24. Therefore, these three cores HU24-1, HU24-2 and HU24-3 are considered to have similar mineral contents. The measurements above show that the basic physical properties of the three cores are relatively close, especially the cores HU24-2 and HU24-3 in terms of porosity, permeability and pore size distribution. Therefore, the CO 2 -WAG flooding and CO 2 flooding were conducted on core HU24-2 and core HU24-3, respectively. However, as a comparison, the core HU24-1 only underwent flooding experiment with brine. Figure 3 shows the schematic diagram of the experimental apparatus, it mainly consists of a constant temperature oven, two tanks (1000 mL), three constant flow pumps (260D, ISCO, Lincoln, NE, USA)-one pump for injection, two others for confining pressure control and back pressure control-a core holder, seven pressure sensors, a gas-liquid cyclone separator, a mass flow meter, a data collector, smart switch and a computer. During CO 2 -WAG flooding, the valves of CO 2 and brine need to be frequently switched, and the smart switch is set to automatically perform this work. At the same time, it should be noted that the core holder is placed vertically to eliminate the effect of gravity segregation. Finally, all the experimental components were connected with stainless steel tubing (D = 1 mm) and were put the parts that needed to be heated into the constant temperature oven. (Table 4) show that the average mineral contents of these three samples are very close, demonstrating that all kinds of minerals are evenly distributed in the core HU24. Therefore, these three cores HU24-1, HU24-2 and HU24-3 are considered to have similar mineral contents. The measurements above show that the basic physical properties of the three cores are relatively close, especially the cores HU24-2 and HU24-3 in terms of porosity, permeability and pore size distribution. Therefore, the CO2-WAG flooding and CO2 flooding were conducted on core HU24-2 and core HU24-3, respectively. However, as a comparison, the core HU24-1 only underwent flooding experiment with brine. Figure 3 shows the schematic diagram of the experimental apparatus, it mainly consists of a constant temperature oven, two tanks (1000 mL), three constant flow pumps (260D, ISCO, Lincoln, NE, USA)-one pump for injection, two others for confining pressure control and back pressure control-a core holder, seven pressure sensors, a gas-liquid cyclone separator, a mass flow meter, a data collector, smart switch and a computer. During CO2-WAG flooding, the valves of CO2 and brine need to be frequently switched, and the smart switch is set to automatically perform this work. At the same time, it should be noted that the core holder is placed vertically to eliminate the effect of gravity segregation. Finally, all the experimental components were connected with stainless steel tubing (D = 1 mm) and were put the parts that needed to be heated into the constant temperature oven. 
Experimental Equipment
Experimental Procedure
Experimental Preparation
The three core samples were continuously evacuated for 24 h and saturated with brine for 24 h. At the meantime, CO 2 and brine were separately put into the corresponding container. Then the temperature of the constant temperature oven core system was set to 78 • C and the outlet pressure of the core was steadily controlled at 18 MPa by the back-pressure valve and back pressure pump according to the P-T conditions of the formation reservoir. The flooding experiments could only be carried out after 24 h to ensure that all parts in the constant temperature oven were heated to 78 • C.
Core-Flooding
Firstly, the core sample HU24-3 was put into the core holder and flooded by brine for 3 pore volume (PV) to ensure the core was completely saturated with brine. To avoid excessive effective stress which would cause damage to the core pore-throat structure and interfere the experimental results, the confining pressure slowly increased with the increase of inlet pressure until the effective stress on the core reached reservoir net effective stress. After that, the core began to be flooded by CO 2 and the injection flow rate of the was set to 1 mL/h in in order to avoid the damage of velocity sensitivity to the core. The flooding continued until the pressure at the outlet and inlet were stable (which meant the structure inside the core did not change in the short term) and the total flooding time was at least 150 h [22, 25] .
After the core-flooding of the core HU24-3, the core in the holder was replaced by HU24-2. The core HU24-2 was flooded by CO 2 and brine in the way of CO 2 -WAG. The volume ratio of water slug and CO 2 slug is 1:1, the volume of the slug is 0.4 PV. According to the comprehensive assessment, these injection parameters are considered to be optimal for the effect of oil displacement and injection capacity, commonly used in oilfields [31] [32] [33] . When the inlet pressure remained stable during CO 2 injection in the three consecutive flooding cycles and the total flooding time was over 150 h, the core-flooding was completed. Produced brine at outlet was collected and the chemical components in brine were detected during the flooding. Finally, HU24-1 was flooded only by brine in the same way above at the same conditions.
Measurements after Flooding
When the flooding experiment was completed, the core was dried and measured for permeability and porosity values. Afterwards, the core was evacuated to saturate brine for NMR measure to obtain the T 2 spectrum. Then mercury injection was carried out on a dry cylinder (with the length of 1cm and the diameter of 2.52 cm, the same as the core) taken from the same position on the inlet of each core to analyze the pore size distribution. Finally, the pore microstructure was observed through the rest parts of the three cores by SEM, 8-10 observation samples were taken from each core and five observation points were selected from each observation sample, and the observation points on each sample were relatively large pores which had obvious characteristics and were easy to be recognized under SEM. Then, these remaining core fragments were tested by XRD.
Results
Porosity and Permeability
The changes in porosity and permeability of the core samples before and after the flooding experiments are shown in the Table 5 . There is a slight decrease (2.52%) in permeability in the core HU24-1 after brine flooding. Table 5 . Core porosity and permeability before and after the flooding experiments. 
helium permeability before flooding, mD; K a : helium permeability after flooding, mD; Φ b : helium porosity before flooding, %; Φ a : helium porosity after flooding, %.
However, HU24-2 and HU24-3 show significant decrease in permeability after flooding, the permeability of core HU24-2 decreases the most (32.75%) after CO 2 -WAG flooding, and the permeability decline of core HU24-3 (14.92%) after CO 2 flooding is less than that of core HU24-2 ( Figure 4) . In contrast to these, the reduction in porosity of the three cores after flooding is less than 2% ( Figure 5 ) (basically within the uncertainty of the measurements). The trend of displacement pressure ( Figure 6 ) also reflects the trend of permeability change to some extent. Kb: helium permeability before flooding, mD; Ka: helium permeability after flooding, mD; Φb: helium porosity before flooding, %; Φa: helium porosity after flooding, %.
However, HU24-2 and HU24-3 show significant decrease in permeability after flooding, the permeability of core HU24-2 decreases the most (32.75%) after CO2-WAG flooding, and the permeability decline of core HU24-3 (14.92%) after CO2 flooding is less than that of core HU24-2 ( Figure 4) . In contrast to these, the reduction in porosity of the three cores after flooding is less than 2% ( Figure 5 ) (basically within the uncertainty of the measurements). The trend of displacement pressure ( Figure 6 ) also reflects the trend of permeability change to some extent. Kb: helium permeability before flooding, mD; Ka: helium permeability after flooding, mD; Φb: helium porosity before flooding, %; Φa: helium porosity after flooding, %.
However, HU24-2 and HU24-3 show significant decrease in permeability after flooding, the permeability of core HU24-2 decreases the most (32.75%) after CO2-WAG flooding, and the permeability decline of core HU24-3 (14.92%) after CO2 flooding is less than that of core HU24-2 ( Figure 4) . In contrast to these, the reduction in porosity of the three cores after flooding is less than 2% ( Figure 5 ) (basically within the uncertainty of the measurements). The trend of displacement pressure ( Figure 6 ) also reflects the trend of permeability change to some extent. During the flooding process, the displacement pressures of core HU24-2 and HU24-3 increase slowly, and the displacement pressure of core HU24-2 increases significantly compared with that of core HU24-3.
Pore Size Distribution
The brine saturations of cores (Table 6 ) satisfy the premise of NMR measures mentioned above, indicating that the NMR results are reliable. In addition, the signal amplitude is normalized to obtain the pore radius distribution of the cores (Figures 7 and 8 ). During the flooding process, the displacement pressures of core HU24-2 and HU24-3 increase slowly, and the displacement pressure of core HU24-2 increases significantly compared with that of core HU24-3.
The brine saturations of cores (Table 6 ) satisfy the premise of NMR measures mentioned above, indicating that the NMR results are reliable. In addition, the signal amplitude is normalized to obtain the pore radius distribution of the cores (Figure 7, Figure 8 ). Vp: pore volume, ml; Sw: brine saturation, %. Figure 7 . NMR T2 spectra of the core HU24-1 before and after the water flooding. Figure 7 shows that the T2 spectrum of the core HU24-1 is highly overlapped before and after the brine flooding, indicating that the pore size distribution of the core HU24-1 is almost unchanged after the flooding. After injection of CO2, the NMR T2 spectrum of the cores HU24-2 and HU24-3 shift to the left, the proportion of pores with large radius in right of the spectra decreases, the proportion of pores with medium radius in the middle of the spectra increases, while the proportion of small pores remains almost unchanged. Figure 7 shows that the T 2 spectrum of the core HU24-1 is highly overlapped before and after the brine flooding, indicating that the pore size distribution of the core HU24-1 is almost unchanged after the flooding. After injection of CO 2 , the NMR T 2 spectrum of the cores HU24-2 and HU24-3 shift to the left, the proportion of pores with large radius in right of the spectra decreases, the proportion of pores with medium radius in the middle of the spectra increases, while the proportion of small pores remains almost unchanged. During the flooding process, the displacement pressures of core HU24-2 and HU24-3 increase slowly, and the displacement pressure of core HU24-2 increases significantly compared with that of core HU24-3.
The brine saturations of cores (Table 6 ) satisfy the premise of NMR measures mentioned above, indicating that the NMR results are reliable. In addition, the signal amplitude is normalized to obtain the pore radius distribution of the cores (Figure 7, Figure 8 ). Vp: pore volume, ml; Sw: brine saturation, %. Figure 7 . NMR T2 spectra of the core HU24-1 before and after the water flooding. Figure 7 shows that the T2 spectrum of the core HU24-1 is highly overlapped before and after the brine flooding, indicating that the pore size distribution of the core HU24-1 is almost unchanged after the flooding. After injection of CO2, the NMR T2 spectrum of the cores HU24-2 and HU24-3 shift to the left, the proportion of pores with large radius in right of the spectra decreases, the proportion of pores with medium radius in the middle of the spectra increases, while the proportion of small pores remains almost unchanged. Comparing the T2 spectrum of the cores HU24-2 and HU24-3 before and after the flooding experiments (Figure 8 ), although the trends of changes in the pore size distribution of the two cores are similar, the range and amplitude of the changes in pore size distribution of the core HU24-2 are larger than that of the core HU24-3 ( Table 7 ). The pore size distribution of the core HU24-2 is more concentrated after the flooding. In core HU24-2, the shape of the T2 spectrum almost changes from the double peak before flooding to the single peak after flooding. However, the shape of the T2 spectrum of the core HU24-3 after flooding is still a double peak, and only the width of the double peak narrows down. The difference in the pore size distributions of the three cores after flooding as shown in the mercury injection test results ( Figure 9 ) are similar to that expressed in the T2 spectrum, especially the distribution of large pores. However, compared with the T2 spectrum, the mercury injection test results show that the proportion of large pores is relatively large, while the proportion of small pores Comparing the T 2 spectrum of the cores HU24-2 and HU24-3 before and after the flooding experiments (Figure 8 ), although the trends of changes in the pore size distribution of the two cores are similar, the range and amplitude of the changes in pore size distribution of the core HU24-2 are larger than that of the core HU24-3 ( Table 7 ). The pore size distribution of the core HU24-2 is more concentrated after the flooding. In core HU24-2, the shape of the T 2 spectrum almost changes from the double peak before flooding to the single peak after flooding. However, the shape of the T 2 spectrum of the core HU24-3 after flooding is still a double peak, and only the width of the double peak narrows down.
The difference in the pore size distributions of the three cores after flooding as shown in the mercury injection test results ( Figure 9 ) are similar to that expressed in the T 2 spectrum, especially the distribution of large pores. However, compared with the T 2 spectrum, the mercury injection test results show that the proportion of large pores is relatively large, while the proportion of small pores is relatively small, these are probably due to that the average maximum mercury saturation in the three cores during the mercury injection process is 91%, and it is difficult for mercury to enter the tiny pores. Figure 8 . NMR T2 spectrum of the core HU24-2 before and after the CO2-WAG flooding and the core HU24-3 before and after the CO2 flooding. Comparing the T2 spectrum of the cores HU24-2 and HU24-3 before and after the flooding experiments (Figure 8 ), although the trends of changes in the pore size distribution of the two cores are similar, the range and amplitude of the changes in pore size distribution of the core HU24-2 are larger than that of the core HU24-3 ( Table 7 ). The pore size distribution of the core HU24-2 is more concentrated after the flooding. In core HU24-2, the shape of the T2 spectrum almost changes from the double peak before flooding to the single peak after flooding. However, the shape of the T2 spectrum of the core HU24-3 after flooding is still a double peak, and only the width of the double peak narrows down. The difference in the pore size distributions of the three cores after flooding as shown in the mercury injection test results (Figure 9 ) are similar to that expressed in the T2 spectrum, especially the distribution of large pores. However, compared with the T2 spectrum, the mercury injection test results show that the proportion of large pores is relatively large, while the proportion of small pores 
Pore Microstructure and Rock Minerals
According to the results of SEM observation, the microstructure and filling condition of the pores are divided into two categories: the first category of pores are mainly contained (Figure 10a-c) in the cores before flooding and the core HU24-1 after the brine flooding, the walls of some large pores observed are smooth, and there are few filling materials (Figure 10a ) in these pores, while in some of this category of pores, there are alveolate montmorillonite, fluff sphere-like chlorite and very small amount of book-like kaolinite distributed on the walls, but these clay minerals tightly align, which occupy little void space and do not block the pores and throats (Figure 10b,c) , the microstructure of such pores is characterized by clear and unobstructed connectivity between the pores and the throats, there is sufficient space in the pores, causing relatively slight resistance of the fluid flowing in the pores; The other category of large pores (Figure 10d-f) mainly contained in the core HU24-2 after CO 2 -WAG flooding and the core HU24-3 after CO 2 flooding are filled with scattered sheet kaolinite, debris and precipitates growing, and some of these pores are filled to a very serious extent, which reduces the space volume of these pores or blocks the throats, leading to poor connectivity between pores and throats (Figure 10d,e) . Furthermore, salt crystals form bridging blockage in the pores (Figure 10f ), such pore microstructure is detrimental to permeability of the cores [34] .
According to the results of SEM observation, the microstructure and filling condition of the pores are divided into two categories: the first category of pores are mainly contained (Figures 10a-c) in the cores before flooding and the core HU24-1 after the brine flooding, the walls of some large pores observed are smooth, and there are few filling materials (Figure 10a ) in these pores, while in some of this category of pores, there are alveolate montmorillonite, fluff sphere-like chlorite and very small amount of book-like kaolinite distributed on the walls, but these clay minerals tightly align, which occupy little void space and do not block the pores and throats (Figure 10b,c) , the microstructure of such pores is characterized by clear and unobstructed connectivity between the pores and the throats, there is sufficient space in the pores, causing relatively slight resistance of the fluid flowing in the pores; The other category of large pores (Figures 10d-f) mainly contained in the core HU24-2 after CO2-WAG flooding and the core HU24-3 after CO2 flooding are filled with scattered sheet kaolinite, debris and precipitates growing, and some of these pores are filled to a very serious extent, which reduces the space volume of these pores or blocks the throats, leading to poor connectivity between pores and throats (Figure 10d,e) . Furthermore, salt crystals form bridging blockage in the pores (Figure 10f ), such pore microstructure is detrimental to permeability of the cores [34] .
In addition, comparing the SEM observation results of the core HU24-2 and HU24-3 after flooding, it is concluded that the fillers in the pores of the core HU24-2 are mostly loose flake kaolinite and debris, and the salt-bridge blinding are rare. In the core HU24-3, the situation is the opposite, the proportion of the pores blocked by salt bridge is relatively large among the large pores blocked. Overall, the large pores in the core HU24-2 are blocked to a greater extent than that in the core HU24-3, moreover, the amount of large pores blocked in the core HU24-2 is larger. In addition, comparing the SEM observation results of the core HU24-2 and HU24-3 after flooding, it is concluded that the fillers in the pores of the core HU24-2 are mostly loose flake kaolinite and debris, and the salt-bridge blinding are rare. In the core HU24-3, the situation is the opposite, the proportion of the pores blocked by salt bridge is relatively large among the large pores blocked. Overall, the large pores in the core HU24-2 are blocked to a greater extent than that in the core HU24-3, moreover, the amount of large pores blocked in the core HU24-2 is larger.
With the changes in pore microstructure, changes in rock mineral contents occur in these cores after the flooding experiments (Table 8 ). The contents of minerals in the cores HU24-2 and HU24-3 change significantly, especially, the contents of K-feldspar and carbonate minerals (mainly including Calcite and Dolomite) decrease, while the content of clay minerals increases. Furthermore, these changes are more pronounced in the core HU24-2. In summary, there is no significant change in physical properties of the core HU24-1 including permeability, porosity, pore size distribution and pore microstructure after only brine flooding. Compared with the core after CO 2 flooding, the core after CO 2 -WAG flooding has more severe changes in microstructure of large pores, which corresponds to the more significant changes in pore size distribution and the greater decrease in permeability showed on entire core scale in the core HU24-2.
Discussion
Physical Property Changes
Permeability Decline and Fines Migration
The experimental results of core HU24-1 indicate that the injection flow rate do not induce velocity sensitivity, and the brine do not cause the expansion of clay minerals under the experimental conditions, eliminating the interference of brine on the experimental results during the flooding process. The permeability of the cores HU24-2 and HU24-3 decrease after flooding, but the porosity is unchanged, which is similar to the results of previous experiments [9, 15, 19, [35] [36] [37] [38] . Those studies believe that CO 2 is injected into the core and dissolved into brine to form carbonic acid, which triggers CO 2 -brine-rock interactions. The dissolution of carbonate cements and feldspar in the matrix causes the movable fines to be released. The migration of these fines and the precipitation of new minerals due to the change in pH of the fluid in the pore lead to blockage in pores during the flooding process, eventually causing the decline of rock permeability [22, 25, 39, 40] .
Compared with previous experiments, the cores used in the experiments of this paper have lower initial permeability, and the decrease of permeability is more obvious after the flooding still with little change in porosity, which is consistent with the characteristics of fines migration in the core. The migration of fines detached from the core does not cause a significant reduction in the total pore volume, but the fines accumulate at the pore throat and formed blockages, which significantly reduce the fluidity of fluids in the flow channels inside the rocks [7] . Although the dissolution of minerals and fines release can lead to an increase in pore volume during the flooding process, which increases the rock permeability to a certain extent, the experimental results indicate that under the experimental conditions in this paper, especially in the ultra-low permeability cores with smaller pore throat structure, compared with the blockage caused by fines migration, the increase in permeability caused by mineral dissolution does not predominate, with the change in porosity caused by mineral dissolution is also not obvious.
According to the experimental results, the changes of permeability and porosity are the macroscopic manifestation of the changes of physical property. The changes in microstructure of pores and the resulting changes in pore size distribution of the cores are the microscopic mechanisms of the decline of rock permeability.
CO 2 -Brine-Rock Interactions
The comparison between the two categories of pore microstructure indicates that during the long-term injection of CO 2 in two ways of displacement, the original compact structure of the authigenic clay mineral in the core is destroyed, and the exfoliated or newly generated clay mineral fragments loosely adhere to pore walls and accumulate in the pores [12, 18] . At the same time, debris are released and migrate with the fluid, finally depositing in the fluid flow path. The salts in the fluid in the pores are precipitated and form bridge blinding.
These changes in pore microstructure are caused by CO 2 -brine-rock interactions and fluid displacement. According to the obvious changes in mineral contents of the cores (Table 9) , reactions occurring in sandstone rocks generally include dissolution of carbonate minerals, K-feldspar, clay mineral and the precipitation of neogenic mineral (Equations (3)- (7)) during the CO 2 injection process [12] . The concentration of Mg 2+ and Fe 3+ in produced brine also reflects the relatively sufficient CO 2 -brine-rock interactions in the core HU24-2 in the early stage of flooding, and the trend of concentration change is gentle in the later stages ( Figure 11 ). Under high temperature and high pressure, potassium feldspar dissolves in the acidic environment, kaolinite is generated during the reaction and released from the rock matrix. The carbonate minerals as the cement can react rapidly with carbonic acid, then the stability of the mineral particles in the pores is destroyed, and the debris fines are released, causing massive fines migration. On the other hand, the dissolution of carbonate minerals can also lead to an increase in the concentration of Ca 2+ , Mg 2+ and other ions in the fluid, once the external conditions such as concentration, pH, temperature, or pressure change, these ions are very likely to reprecipitate (CaCO 3, MgCO 3 ), which also causes blockages in the pores [40] . The Fe 2+ released during this process and oxidized by air at outlet causes the produced brine to appear pale yellow ( Figure 12 ). In addition, clay minerals are very sensitive to changes in the surface chemical and physical environment. Supercritical CO 2 can diffuse into the clay minerals and change the charge between the clay mineral layers causing repulsive force, which destroys the stability of the layer structure and finally results in the dispersion of clay minerals [41, 42] . The interaction between clay minerals, CO 2 and brine even can transform clay minerals into other kinds of clay minerals, dispersed authigenic clay minerals and released neogenic clay minerals become movable fines. Therefore, the dissolution of carbonate minerals and changes in clay minerals cause changes in pore microstructure in a relatively short period of time. When various types of fines migrate with the fluid in the pores, the throats are preferentially blocked, and the connectivity between the pores and the throat is the key factor affecting the core permeability. The fines from this pore or nearby pores then continue to accumulate at the throats and pores, causing changes in pore size (Figure 13c,d ). Figure 11 . Concentrations of Mg 2+ and Fe 3+ in produced brine along the pore volume (PV) of fluid injected during CO2-WAG flooding in core HU24-2. Regarding the growth of salt crystals, previous studies have shown that when the acidic formation water is extracted to the mineral surface under capillary pressure and fully exposes to supercritical CO2, then salt crystals precipitate [43] . In this paper, especially in the core flooded by CO2, salt bridge blinding is found in a certain number of large pores, which not only divides pore space into multiple parts, but also blocks the flow of fluid in the pores.
The changes in pore microstructure caused by the above reasons seriously impair the permeability of the ultra-low permeability rock under the premise of less effect on the overall porosity of the rock. In particular, the microstructure of large pore with great contribution to permeability has obvious changes as shown in SEM photograph, so the proportion of large pores declines significantly in pore size distribution [44] .
Pore Size Transformation
The T2 spectrum indicate that the pore size distribution changes after the injection of CO2, however, there is no significant change in the total pore volume, which represents there are mutual transformations among the pores with different sizes in the core [12, 25] . The main occurrence in this paper is the transformation of large pores to medium pores. According to the changes in pore microstructure, changes in the proportion of the pores with a certain radius value is considered to be Regarding the growth of salt crystals, previous studies have shown that when the acidic formation water is extracted to the mineral surface under capillary pressure and fully exposes to supercritical CO2, then salt crystals precipitate [43] . In this paper, especially in the core flooded by CO2, salt bridge blinding is found in a certain number of large pores, which not only divides pore space into multiple parts, but also blocks the flow of fluid in the pores.
The T2 spectrum indicate that the pore size distribution changes after the injection of CO2, however, there is no significant change in the total pore volume, which represents there are mutual transformations among the pores with different sizes in the core [12, 25] . The main occurrence in this paper is the transformation of large pores to medium pores. According to the changes in pore microstructure, changes in the proportion of the pores with a certain radius value is considered to be Figures 13a,b) . Secondly, in terms of the radius range of pores where fines migrate, compared with CO2 flooding, fine migration occurs in more pores with different radii in the core during CO2-WAG flooding. As the water saturation decreases during the CO2 flooding, CO2 gradually becomes the continuous phase and flows in the large pores, and the fine migration and blockage mainly occur in these pores. However, during the process of CO2-WAG flooding, when the CO2 flooding period is over in a cycle, the CO2 mainly retaines in the large pores, and when the subsequent brine flooding is carried out, the flow of the fluid in the large pores is hindered due to the influence of the Jamin effect ,which means the additional resistance effects when droplets (drops or bubbles) in two-phase percolation of liquidliquid or gas-liquid pass through the pore throat or narrow pores [47, 48] , then the brine with CO2 dissolved in flows in the relatively small pores, and the fine migration and blockage would also occur in those smaller pores, resulting in the changes in microstructure and size in more pores (Figures 13a,b) .
Finally, the power of fine migration during CO2 flooding is weaker than that during CO2-WAG flooding. The fluid of long-term flow in the pores is CO2 during CO2 flooding, while the CO2 with low flow rate has a weak ability to carry fines [49] . The migration of fines mainly depends on the liquid film on the pore surface or the small amount of flowing brine. During CO2-WAG flooding, the main fluid carrying fines is brine, and the ability of liquid to carry fines to migrate is much greater than gas. Furthermore, the pressure fluctuation generated during the switch of gas-water injection exacerbates the release and migration of fines [50] .
In conclusion, it is based on the difference in the three aspects above that there is difference in physical property changes under the three displacement methods. 
Conclusions
In this paper, the displacement experiments are conducted on ultra-low permeability sandstone cores with similar physical properties to study the changes in physical properties of the high water cut rocks and the difference between these changes after CO2 flooding and CO2-WAG flooding. 
Regarding the growth of salt crystals, previous studies have shown that when the acidic formation water is extracted to the mineral surface under capillary pressure and fully exposes to supercritical CO 2 , then salt crystals precipitate [43] . In this paper, especially in the core flooded by CO 2 , salt bridge blinding is found in a certain number of large pores, which not only divides pore space into multiple parts, but also blocks the flow of fluid in the pores.
Pore Size Transformation
The T 2 spectrum indicate that the pore size distribution changes after the injection of CO 2 , however, there is no significant change in the total pore volume, which represents there are mutual transformations among the pores with different sizes in the core [12, 25] . The main occurrence in this paper is the transformation of large pores to medium pores. According to the changes in pore microstructure, changes in the proportion of the pores with a certain radius value is considered to be caused by two factors. On the one hand, during the process of mineral dissolution, fines release (enlarging pore space) and fines migration, pore blockage (reducing pore space), the pores are transformed into pores with other sizes. On the other hand, pores with other sizes are also transformed into pores with this radius for the same reasons, and the two opposite transformations jointly determine the change in proportion of the pores with this radius. However, the probability and tendency of transformation of pores with different radii are different. During flooding, CO 2 is the non-wetting phase and mainly exists in large pores, these pores as main flow channel are the main place where the fines migration occurs. Fines from different pores have high probability of accumulating in large pores, which blocks pores and makes the pore size measured by NMR decrease. In large pores it is obvious that the effect of fines migration is greater than that of mineral dissolution. So, the large pores tend to transform into small ones during the flooding process [45] (Figure 13c,d) . Although the medium pores may also be transformed into pores with other sizes, resulting in a decrease in the proportion, according to the experimental results, it is apparent that this decrease is less than the increase in the proportion due to the transformation of the large ones. For the smaller pores (for example, radius < 0.036 µm in core HU24-2), the fluid in these pores is considered to not flow during the flooding process and there is no fines migration. These pores have little opportunity of transformation.
In summary, after the injection of CO 2 , the changes in permeability, pore size distribution and pore microstructure are consistent and there are intrinsic connections among these changes. The common mechanism of physical property changes are mainly minerals dissolution and fines migration, which mainly are summarized as three elements: the generation of transportable fines, the place where fines migrate, and the fluid carrying fines. Among them, the amount of transportable fines are determined by the CO 2 -brine-rock interactions in the core. For the core with certain pore size distribution, the method of displacement and the type of injected fluid determine the other two elements. The three factors above ultimately determine the degree of physical property changes in the rocks.
Differences in Physical Property Changes
Since the consistency of the initial properties of the three short cores used in the experiment is verified before the flooding, after the experiments the difference in the changes in cores physical properties can only be caused by the different displacement methods. According to the displacement characteristics and the mechanism of the changes in core physical property mentioned above, there are three main reasons for the differences in physical property changes under different displacement methods: the extent and scope of the CO 2 -brine-rock interactions, the radius range of pores where fine migration occurs, the driving force of fine migration.
Firstly, the CO 2 -brine-rock interaction is the cause of movable fines generation and the precondition for the rock physical property changes. Under the premise of eliminating the factors such as velocity sensitivity and expansion of clay minerals, there is almost no movable fine in the core HU24-1 during the flooding process, so the physical properties are basically unchanged. However, in the core HU24-2 and HU24-3, there are great difference in the extent and scope of the CO 2 -brine-rock interactions during the flooding process. During CO 2 flooding, part of the brine in the large pores is preferentially driven out, CO 2 mainly exists in the center of large pores, and the remaining brine in these pores appears in the form of water film [46] . In addition, the entry of CO 2 into the smaller pore space mainly depends on the diffusion in brine, and the diffusion rate in the porous medium is slow. Therefore, the amount of formed carbon acid is small with the relatively light degree of mineral dissolution in the core. At the same time, there is a relatively large amount of supercritical CO 2 in the core HU24-3, the growth of salt crystals and the destruction of the original compact structure of clay minerals dominate in the large pores, which results in small amount of released fines. However, the core HU24-2 is continuously replenished with CO 2 and brine during CO 2 -WAG flooding, the contact between CO 2 , brine and mineral is more sufficient, and the degree of CO 2 -brine-rock interactions is relatively large in the core. In addition, the CO 2 -WAG displacement has the effect of expanding the sweep area of CO 2 , CO 2 can enter smaller pores under the action of displacement pressure. Therefore, there are more pores where CO 2 -brine-rock interactions occur. For the above reasons, larger scales of transportable fines are produced in the pores of core HU24-2 during the flooding (Figure 13a,b) .
Secondly, in terms of the radius range of pores where fines migrate, compared with CO 2 flooding, fine migration occurs in more pores with different radii in the core during CO 2 -WAG flooding. As the water saturation decreases during the CO 2 flooding, CO 2 gradually becomes the continuous phase and flows in the large pores, and the fine migration and blockage mainly occur in these pores. However, during the process of CO 2 -WAG flooding, when the CO 2 flooding period is over in a cycle, the CO 2 mainly retaines in the large pores, and when the subsequent brine flooding is carried out, the flow of the fluid in the large pores is hindered due to the influence of the Jamin effect ,which means the additional resistance effects when droplets (drops or bubbles) in two-phase percolation of liquid-liquid or gas-liquid pass through the pore throat or narrow pores [47, 48] , then the brine with CO 2 dissolved in flows in the relatively small pores, and the fine migration and blockage would also occur in those smaller pores, resulting in the changes in microstructure and size in more pores (Figure 13a,b) .
Finally, the power of fine migration during CO 2 flooding is weaker than that during CO 2 -WAG flooding. The fluid of long-term flow in the pores is CO 2 during CO 2 flooding, while the CO 2 with low flow rate has a weak ability to carry fines [49] . The migration of fines mainly depends on the liquid film on the pore surface or the small amount of flowing brine. During CO 2 -WAG flooding, the main fluid carrying fines is brine, and the ability of liquid to carry fines to migrate is much greater than gas. Furthermore, the pressure fluctuation generated during the switch of gas-water injection exacerbates the release and migration of fines [50] .
In conclusion, it is based on the difference in the three aspects above that there is difference in physical property changes under the three displacement methods.
Conclusions
In this paper, the displacement experiments are conducted on ultra-low permeability sandstone cores with similar physical properties to study the changes in physical properties of the high water cut rocks and the difference between these changes after CO 2 flooding and CO 2 -WAG flooding.
The experimental results indicate that after being flooded by CO 2 in different ways, the core permeability decrease with the almost unchanged porosity, some pores of the rock are blocked by debris fines, clay minerals and salt crystals, and the pore size distribution curve shift to the left. The phenomenon of mineral dissolution caused by CO 2 -brine-rock interaction and the pore blockage caused by fines migration are considered as the causes of these changes.
The decline of permeability after CO 2 -WAG flooding is larger than that after CO 2 flooding, the degree of pore blockage and the variation of the pore size distribution in the former are more serious. The reasons for the difference in physical property changes are divided into three aspects: the reaction is more sufficient and more fines are released during CO 2 -WAG flooding; the radius range of pores in which fine migration and blockage occur is wide during CO 2 -WAG flooding; the power of fine migration is weak during CO 2 flooding. CO 2 -WAG flooding is more damaging to the permeability of the near-well reservoir than CO 2 flooding at the same injection rate, which greatly increases the difficulty of injecting fluid into the reservoir. Therefore, with reference to this factor, the CO 2 flooding should be selected as much as possible in the reservoir. If CO 2 -WAG flooding is selected in order to obtain a better sweep efficiency of the injected fluid, measures should be taken to protect the near-well reservoir, and the findings in this paper provide the requisite data assessing the differences in damage of the two displacement methods to ultra-low permeability sandstone reservoirs, helping to choose reasonable method of CO 2 injection and protection measures for oilfield.
Future Work
Experiments to study the difference in physical property changes under different displacement methods will be conducted on the rocks with high oil saturation away from the injection well, furthermore, reservoir heterogeneity will also be considered. 
